Rates of cell volume increase in individuals of five genera of centric marine diatoms were measured using time-lapse video microscopy. In continuous light, size increased continuously in Thalassiosira weissjogii and Lauderia borealis, while steps were observed during the growth of Stephanopyxis turris, Biddulphia aurita and Coscinodiscus sp. In the latter three species, the duration of the periods of no growth were well correlated with the generation time for individual cells. When the species exhibiting continuous growth in constant light were grown in a light/dark cycle of 12 : 12 h, the rate of size increase during the dark period was on average slower than during the light. Behaviour of individual cells was highly variable, however, and in L. borealis appeared to be related to the previous light history of each cell. The results suggest a regulatory coupling between the cell cycle and the time evolution of cell volume.
I N T R O D U C T I O N
The two most distinctive processes of the eukaryotic cell cycle are DNA replication and the doubling of cell mass or volume. The timing of DNA replication within the cell cycle (the S phase) has been extensively studied in many types of cells (Mitchison, 1971 ; Pardee et al., 1978) including phytoplankton (Puiseaux-Dao, 1981 ; Olson et al., 1983 ; Yentsch et al., 1983) and remains the most definitive marker of cell cycle progression. Comparatively little is known, however, about the temporal evolution of cell volume increase as cells progress through their cycles towards mitosis. Some progress in this regard has been made in studies of bacterial cells (e.g. see Krasnow, 1978; Koch & Higgins, 1982; Kubitschek & Woldringh, 1983) in which the increase in volume over the cell cycle (as inferred from the distribution of cellular properties in steady state cultures) is most often exponential with time. In contrast, yeast cells have been shown to have discontinuous growth between mitoses (Lindegren & Haddad, 1953; Berg & Ljunggren, 1982) , and the achievement of a critical size has been established as a trigger for cell cycle progression in this group (Fantes, 1977; Hartwell & Unger, 1977; Wheals, 1982) .
To date, our understanding of the growth of individual diatom cells (as distinct from the process of mitosis) comes from three main sources: (1) time-lapse cinematography, (2) inferences from studies of the ultrastructure of preserved cells, and (3) sequential measurements of average cell volume in phased or synchronized cultures. The first two types of studies have revealed the sequence of events in the formation of new silica frustule components (Round, 1972 ; Crawford, 198 1 ; Volcani, 198 1) and morphological changes during cytokinesis (Eppley et al., 1967) , and have shown that cell elongation occurs through formation of additional girdle (or intercalary) bands and/or by longitudinal sliding of the hypotheca and epitheca with respect to one another. The third type of study reveals very general information about cell growth patterns, but the behaviour of individual cells is obscured by the averaging process inherent in population studies diatom Thalassiosira weissJogii continue to increase in size (at a reduced rate) during the dark period of a light/dark cycle (Chisholm & Costello, 1980) . In contrast, cell size does not increase in the dark in the coccolithophore Hymenomonas carterae ) and the dinoflagellate Amphidinium carteri (unpublished data).
Both temporal patterns of cell size increase and variations between individual cells can be investigated by time-lapse microphotography of growing cells. This approach has been used to study growth in individual bacteria (see reviews by Daneo-Moore & Shockman, 1977; Sargent, 1978) and yeasts (Mitchison, 1957; Berg & Ljunggren, 1982) , but similar observations have not been made for phytoplankton. We have used a time-lapse video recording system to measure increases in cell length over time in five genera of centric diatoms grown either in continuous light or in light/dark cycles. The geometry and growth mechanisms of these cells (rigid cylinders which elongate but do not change in diameter between divisions) allow us to infer cell volume changes from the changes in length, thus minimizing measurement error and cell orientation problems. In this regard, planktonic diatoms are an ideal system for the study of cell size changes over the cell cycle. Guillard (1975) . Stock cultures were maintained in continuous light from Cool-White fluorescent bulbs (100 pE m-* s-', measured with a Licor quantum meter with a flat plate collector). Cultures to be used in light/dark cycle experiments were grown for at least 1 week before the experiments in light/dark cycles of 12 : 12 h ; the timing of light and dark phases were the same during the adaptation period and the experiments. Growth of stock cultures was monitored by measuring in vivo chlorophyll fluorescence with a Turner Designs fluorometer. Cultures were transferred to fresh medium before each experiment and transferred during the period of exponentially increasing fluorescence into fresh medium in 0.1 ml Palmer-Maloney chambers (T. weissjiogii and B. aurita), or 1 ml settling chambers (Coscinodiscus sp., S . turris and L. borealis) for the experiments.
METHODS

Organisms
Time-lapse video recording. The video monitoring system for all but one species consisted of a Wild inverted phase-contrast microscope coupled to a time-lapse video tape recording system (Panasonic NV 8030) operated in single-shot mode using a digital timer. S . turris, because of its large size, was examined with a Bausch & Lomb dissecting microscope coupled to the same video recorder. Temperature was maintained at 20 "C by enclosing the microscope and video camera in a wooden chamber cooled by forced-air circulation. Light for growth (100-150 pE m-I s-') was supplied separately from the microscope light source by a tungsten bulb microscope illuminator fitted with glass fibre optics (model 375A, Dyonics, Andover, Mass., USA). Maximum emission from this combination, as from Cool-White fluorescent tubes (Duro-Test Corp., North Bergen, NJ, USA), was between 500 and 600 nm; emission from the tungsten bulb at longer wavelengths, however, was higher than that from the fluorescent tubes.
Most experiments were done under continuous illumination; measurements of growth of L. borealis and of T. weissjiogii were made under both continuous light and a light/dark cycle of 12 : 12 h. Video recordings during the dark interval were made using only the IR portion of the microscope illumination (by the use of Wratten filter no. 87, which has a lower wavelength cutoff at 750 nm). A timer was used to control the light supply so that light was turned on only for the time necessary to record a single frame (about 2 s), and the video images were recorded at the rate of one frame min-' .
Length measurements. Measurements of cell length were made directly from the video monitor screen at hourly intervals using a digital micrometer. The measurements were made on 6-23 cells in each experiment, selected at random from the cells which remained in the field of view for a complete generation. Since diameter does not increase with growth, cell length is directly proportional to volume and the results can be presented in units of relative cell length. 
RESULTS
Growth in constant light
The growth patterns of representative cells of the five species grown in constant light revealed major differences between species in the time course of size increase (Figs 1 and 2) . Although there was some variability from cell to cell within each species (due at least partly to measurement error and occasional tipping of cells away from the horizontal), it is clear that the species fall into two general groups in terms of their growth patterns. In T. weissjiogii and L. borealis the increase in cell size was continuous and linear with time from one division to the next (Fig. 1) . In contrast, cells of S . turris, B . aurita and Coscinodiscus sp. all showed definite periods in the cell cycle in which size did not increase (Fig. 2) .
S. turris was the clearest example of what we call the 'step' pattern : all cell growth occurred in the 6-10 h just before division, even when the interdivision time was as long as 39 h (Fig. 2a) . Many of the S . turris cells in a given chain divided within minutes of each other (even though they had been growing in constant light and nutrient-replete conditions for at least several days befote the experiments and thus should not have been synchronized by external entraining agents). This tight synchrony may be responsible for the consistency of the growth pattern from cell to cell in a given chain. B. aurita and Coscinodiscus sp., which are not chain-forming, had more variable patterns : these species generally showed an initial lag in growth after division, a plateau at about 80% of final cell size, and a final burst of growth immediately before division (Fig. 2b, c) . Similar late growth spurts have been documented in the centric diatom Melosira monilformis (Crawford, 198 1) . Differences in generation times between individual cells of the species exhibiting a plateau were well correlated with differences in the durations of the plateau periods (Fig. 3 ). This suggests a regulatory coupling between the cell cycle and the time evolution of volume increase (see below).
Growth in lightldark cycles
T. weissjlogii and L. borealis, which exhibited a continuous increase in size in constant light, were also examined under a light/dark cycle of 12: 12 h (Figs 4 and 5) . Both species could increase their cell size during the dark, although at a slower rate than in the light. T. weissjlogii cells showed great variability in the rate of size increase in the dark. As exemplified by the three time courses shown in Fig. 4 , some cells virtually stopped growing, others grew at a reduced rate, and a few grew nearly as fast in darkness as in light. The mean rate of increase of cell size in darkness, however, was significantly less than that in the light (P <0.005, t test for 2 means) when responses of 12 cells were averaged; the mean rate (in arbitrary units of length per unit of time) in darkness was 33-2 (n, the number of growth periods in darkness during the 12 cell lifetimes, was 11, SD = 15.5) while that in the light was 80.9 (n = 15, SD = 22.9).
L. borealis responded to the lightldark cycle similarly to T. weissjlogii in that the mean growth rate in darkness was also significantly lower than that in the light (P <0-005, t test for 2 means);
for a sample of 23 cells, the mean rate in darkness was 12.4 (n = 19, SD = 11.2) while that in the light was 34.9 (n = 23, SD = 13.0). In L. borealis, however, there appear to be two distinct patterns of growth under light/dark cycles that result in this 'average' relationship. In the first pattern, increases in cell size occurred mainly during the light period. Cells 'born' at the light-todark transition (Fig. 5a ) grew very slowly (if at all) during the dark period and doubled in size and divided during the next light period; cells born near the beginning of the light period either doubled in size and divided near the light-to-dark transition (Fig. 5b) or, if they grew more slowly, resumed growth and divided only in the next light period (Fig. 5c) . In contrast, cells that were born several hours before the end of the light period continued to increase in size in the dark and divided at the end of the dark period (Fig. 5 4 . 
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DISCUSSION
In cells that do not grow continuously throughout the cell cycle, the duration of the nongrowing interval (the plateau phase) was directly proportional to the generation time of the cell. This phenomenon is in a sense analogous to the G I extension with increasing generation times observed in many cell types, including yeasts (Slater et al., 1977; Johnston et al., 1980; Singer & Johnston, 198 1) and both eukaryotic and prokaryotic micro-algae (Chisholm et ai., 1986) , and suggests that cell size increase may be coupled to the DNA cell cycle controls. The relative constancy of the duration of the growth phase over a range of cell generation times in these species implies that 'normal growth' proceeds after some threshold has been achieved; this is similar to the concepts of 'arrest' and 'transition' points demonstrated in the cell cycles of many organisms, including phytoplankton (Yanishevsky & Stein, 1981 ; Spudich & Sager, 1980; Chisholm et al., 1984; Vaulot, 1985) . It would be interesting to place precisely the 'plateau' phase within the cell cycle using videomicroscopy and microfluorometry of cells stained with a vital fluorescent DNA probe such as Hoechst 33342.
The common observation of relatively constant accumulation of cell material over the cell cycle (John et al., 1982; Mitchison, 1984) suggests that the steps in cell growth observed in constant light in three of our experimental species are more probably due to vacuolar expansion than changes in biosynthetic rates. The process might be likened to that of cell elongation in higher plants, which occurs via a hormone-mediated softening of the cell wall followed by tugordriven expansion (Raven et al., 1976) . The silica frustule of the diatom cannot be softened, but longitudinal sliding of the two halves of the frustule with respect to one another (Round, 1972) accomplishes the same end.
Another essential component of cell growth in diatoms is the growth of existing girdle bands (or formation of new intercalary bands) that push the two halves of the frustule apart; this mode of growth can be continuous throughout the cell cycle (Round, 1972) and might be expected to result in more continuous size increases. Although speculations that these growth modes might be responsible for the patterns we observed have no supporting evidence, they do suggest a set of testable hypotheses that might reveal links between ultrastructure and the process of growth in these organisms.
The patterns of growth in darkness of the two species that showed continuous growth in constant light do not lend themselves to a mechanistic explanation. Those patterns exhibited by L. borealis, in which the growth rate during the dark period is a function of the amount of light exposure a cell receives during the previous light period, indicate clearly that past history is an important regulator of the response. It appears that a cell must have experienced some light exposure since its birth in order to increase in size during the dark. On the other hand, cells which have undergone a significant proportion of their total size increase in the light appear to stop growing in the dark. It is also interesting that although both T. weisspogii and L. borealis were grown in light/dark cycles of 12 : 12 h for several days before the video measurements, dividing cells were observed in all phases of the photocycle. This weak phasing of cell division by light/dark cycles is in agreement with the results of cyclostat studies (Chisholm & Costello, 1980) and the division patterns in diatoms in general (Nelson & Brand, 1979; . One of our original goals in this research was to study the distribution of generation times in clonal diatom populations. Preliminary data suggested that the distributions might be quantized in this group of species, as observed in mammalian cell lines (Klevecz, 1976) . We hypothesized that such a distribution could help explain the rather unorthodox division patterns expressed by diatom populations in light/dark cycles. The combined results of all our video recordings of generation times in clonal diatom populations have not revealed any consistent patterns of generation time distribution. We believe this is due to the unusual degree of cell-to-cell variability in generation times in this group , which demands an unusually large number of cell generation time measurements for statistical resolution.
These observations of cell growth patterns of individual diatom cells, though purely descriptive, may be significant in several ways. The demonstration that a variety of patterns of size increase over the cell cycle are possible, depending on the species and environmental conditions, raises new questions regarding the relationship between the cell growth cycle and the DNA cycle and also the underlying physical mechanisms of diatom cell growth. The results also suggest that diatoms, because of the variety of patterns displayed and ease of measurement, could provide a useful new model system for the study of size control of the cell cycle in plant cells.
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